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The invention provides a 
method and apparatus for monitor- 
ing flow of a fluid having at least 
two components, by transmitting a 
train of signal pulses, preferably of 
visible or near-visible light from one 
or more light-emitting diodes or la- 
ser diodes, in at least one beam 
transversely through the fluid flow, 
detecting the pulses after attenuation 
thereof by transmission through the 
fluid and deriving a train of output 
pulses corresponding to the detected 
attenuated pulses, and deriving from 
the output signals data relating to the 
configuration of the flowing fluid 
where subjected to the signal pulses. 
The train of output pulses may be 
subjected to a frequency analysis to 

establish the frequency spectrum thereof and thereby identify the type of flow regime of the fluid. If the signal pulses are trans- 
mitted in a plurality of at least approximately collimated signal beams across a transverse cross-section of the flowing fluid, the 
output signals corresponding to the signal beams as detected after attenuation during passage through the fluid may be stored 
and used for deriving therefrom tomographic data relating to the instantaneous spatial configuration of the flowing fluid at the 
said cross-section. Such data may be obtained relating to sequences of timed reconstructed cross-section a! images for two spaced- 
apart locations, and data relating to an image for one of the locations compared for identity or near-identity with data relating to 
images of the other of the locations, the time lapse between the timings of two corresponding images being utilised as a measure 
of the transit time of the fluid between the two locations and hence of the flow velocity. 
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TOMOGRAPHIC MONITnRTNn OF FLUID FLOWS 
This invention relates to the monitoring of flow of a fluid 
through a pipe or duct, particularly in relation to a fluid 
having two, or perhaps niore, components which may be 
non-uniformly or irregularly distributed in the body of the 

05 flowing fluid. 

The invention may find application in the oil extraction 
Industry, for example for monitoring and evaluating the relative 
proportions of oil and water in a mixture flowing through a pipe, 
as well as in other process Industries such as pharmaceuticals, 

10 fermentation and in mixing processes, in which identification of 
the type of flow regime or a knowledge of cross-sectional 
Information regarding gas or liquid flow rates, bubble-size 
distributions, rates of mixing and other process parameters may 
be very useful and commercially valuable, 

15 It is an object of the invention to provide a method and 

apparatus for monitoring the flow of a non-uniform fluid through 
a pipe or duct and providing Information regarding the 
instantaneous spatially distributed composition, and/or the type 
of flow regime, of the fluid flowing through a cross-sectional 

20 transverse section of the flow. 

According to one aspect of the Invention there Is provided a 
method of monitoring flow of a fluid having at least two 
components, comprising transmitting a train of signal pulses in 
at least one beam transversely through the fluid flow to be 

25 monitored, detecting the pulses after attenuation thereof by 
transmission through the fluid and deriving a train of output 
pulses corresponding to the detected attenuated pulses, and 
deriving from the output signals data relating to the 
configuration of the flowing fluid where subjected to the signal 

30 pulses. 

One such method according to the Invention includes the step 
of performing a frequency analysis on the train of output pulses 
to establish the frequency spectrum thereof and thereby identify 
the type of flow regime of the fluid. 
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In another such method according to the invention, the signal 
pulses are transmitted in a plurality of at least approximately 
collimated signal beams across a transverse cross-section of the 
flowing fluid, and the method includes the further steps of 

05 detecting the signal beams after attenuation thereof during 
passage through the fluid and deriving output signals related to 
the attenuated signals received, storing the output signals and 
deriving therefrom tomographic data relating to the instantaneous 
spatial configuration of the flowing fluid at the said 

10 cross-section thereof. 

The invention further provides a method of monitoring the 
velocity of a flowing fluid, comprising the steps of carrying 
out, repeatedly, at each of two transverse cross-sections of the 
fluid at two locations spaced from one another in the direction 

15 of flow, the method last referred to, including deriving and 
storing output signals and tomographic data derived therefrom 
relating to sequences of timed reconstructed cross-sectional 
images for the two locations, recognising identity or 
near-identity between data relating to an image for one of the 

20 locations and data relating to an image of the other of the 
locations, and establishing the time lapse between the timings of 
the two corresponding images as a measure of the transit time of 
the fluid between the two locations and hence of the flow 
velocity. 

25 The signal pulses transmitted through the fluid In carrying 

out any of the methods according to the invention are preferably 
pulses of visible or near-visible light, which may be produced by 
the use of light-emitting diodes or laser diodes. 

According to a further aspect of the invention there is 

30 provided fluid flow monitoring apparatus comprising means for 
transmitting a train of signal pulses in at least one beam 
transversely through a flow of fluid to be monitored, means 
arranged to detect the pulses after attenuation thereof by 
transmission through the fluid and to provide a train of output 

35 pulses related to the attenuated pulses received, and means for 
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deriving from the output signals data relating to the 
configuration of the flowing fluid. 

One form of such monitoring apparatus according to the 
invention comprises frequency analyser means arranged to analyse 

05 the train of output pulses and establish the frequency spectrum 
thereof, thereby to identify the type of flow regime of the fluid. 

Another embodiment of monitoring apparatus according to the 
invention comprises a plurality of means for transmitting at 
least approximately collimated signals across a transverse 

10 cross-section of a pipe or duct containing a flowing fluid and a 
plurality of signal detector or sensor means arranged to detect 
said signals after attenuation thereof during passage through the 
fluid and to provide an output signal related to the attenuated 
signal received, multiplexing means arranged to scan the detector 

15 means sequentially and supply the said output signals therefrom 
to data storage means, and transputer means connected to receive 
and arranged to process the data stored in the data storage means 
and derive therefrom tomographic data relating to the 
Instantaneous spatial configuration of the flowing fluid at the 

20 said cross-section of the pipe or duct. 

According to yet another aspect of the Invention there is 
provided apparatus for monitoring the velocity of a fluid flowing 
through a pipe or duct, comprising, at each of two locations 
spaced from one another lengthwise of the pipe or duct, a 

25 respective plurality of means for transmitting at least 
approximately collimated signals across a transverse 
cross-section of the pipe or duct and a respective plurality of 
signal detector or sensor means arranged to detect said signals 
after attenuation thereof during passage through the fluid and to 

30 provide output signals related to the attenuated signals 
received, multiplexing means arranged to repeatedly scan the 
detector means sequentially and supply the said output signals 
therefrom to data storage means, transputer means connected to 
receive and arranged to process the data stored in the data 

35 storage means and derive therefrom tomographic data relating to 
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sequences of timed reconstructed cross-sectional images for the 
two locations^ and means for comparing, and recognising identity 
or near-identity between, data relating to an image for one of 
the locations and data relating to an image for the other of the 
05 locations and for establishing the time lapse between the timings 
of the two corresponding Images as a measure of the transit time 
of the fluid between the two locations and hence of the flow 
velocity. 

The Invention and preferred embodiments and features thereof 
10 win be more fully explained and understood by reference to the 
accompanying drawings, in which 

Figure 1 is a schematic cross-sectional view of a pipe 
or duct containing a flowing fluid, together with an optical 
signal transmitter or emitter and an associated optical 
15 detector; 

Figure 2 is a diagrammatic representation of a pipe or 
duct with a first arrangement of an array of optical emitters 
and corresponding optical detectors; 

Figures 3 and 4 are diagrairanatic representations similar 
20 to Figure 2 but Illustrating two further arrangements of 
. optical emitters and detectors; 

Figure 5 Is a diagrammatic representation of a pipe or 
duct having a first array of emitters and detectors as shown 
in Figure 2, together with a second array of emitters and 
25 detectors disposed transversely to the first array; 

Figure 6 is similar to Figure 5, but showing three 
arrays of emitters and detectors with all the arrays 
angularly displaced from one another; 

Figure 7 represents a timed-interval voltage pulse 
30 applied to one of the optical signal emitters and a 
corresponding output signal provided by a corresponding 
detector; 

Figure 8 Is a schematic diagram of monitoring apparatus 
according to the Invention and Including signal emitters and 
35 sensors associated with a pipe or duct, multiplexer means 
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arranged to scan the signal sensors sequentially, and 
transputer means; 

Figure 9 is a diagram showing the forms and 
interrelationships of pulses and waveforms occurring In the 
05 apparatus shown in Figure 8; and 

Figure 10 Is a schematic longitudinal sectional view of 
a pipe or duct containing a flowing fluid, together with two 
arrays of emitters and detectors disposed in respective 
cross-sectional planes of the pipe which are spaced from one 
10 another in the longitudinal direction of the pipe. 

In order to simplify the data processing which is involved in 
carrying out the invention, thereby minimising the processing 
time required and enabling near real-time Imaging to be achieved, 
the signals transmitted through the fluid to be monitored and 
15 then detected are provided in the form of at least approximately 
collimated beams of visible or near-visible light so that each 
beam, from a particular transmitter or emitter, can be received 
by a corresponding detector or sensor, appropriately positioned. 
Thus, as shown in Figure 1 by way of Illustration, a llght- 
20 emitting diode (LED) 11 and a coupling lens 12 constitute a 
signal emitter which transmits a collimated light beam 13 through 
a transparent wall of a circular-section pipe or duct 14 and a 
fluid 15 flowing through it, and the beam is then focussed by a 
lens 16 on to a photodiode 17 which forms therewith a sensor or 
25 detector for the beam 13. The fluid 15 may be crude oil, with a 
random inclusion of droplets (or larger bodies) of water or other 
contaminant 15', and since crude oil is semi-transparent to 
certain parts of the infra-red spectrum the LED 11 may then be 
one which emits IR radiation at a wavelength which corresponds to 
30 a window In the transmission spectrum of the oil and to which the 
pipe 14. which may be of suitable glass, Is also transparent. 

In practice, In carrying out the Invention, a plurality of 
signal emitters and signal detectors are provided, in pairs. 
Thus, In Figure 2, an array of eight emitters El to E8 are 
35 arranged to provide respective collimated light beams 13 which 
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are transmitted through the fluid 15 along parallel chords of the 
circular cross-section of the pipe 14, and a corresponding array 
of eight detectors Dl to D8 are positioned each to receive and 
detect a corresponding one of the transmitted beams, each of the 
05 emitters and detectors being as described with reference to 
Figure 1 . 

Alternative forms of emitter and detector array are also 
possible, as illustrated in Figures 3 and 4. Figure 3 shows an 
arrangement In which eight emitters El to E8 are 

10 circumferentially spaced round half the circumference of the pipe 
14 and each provides a light beam 13 directed along a respective 
diameter, eight corresponding detectors Dl to 08 being positioned 
at the opposite ends of these diameters » In the arrangement 
shown in Figure 4, eight emitters El to E8 are equally spaced 

15 round the whole circumference, and likewise eight detectors Dl to 
08 of which each is closely adjacent to one of the emitters and 
substantially diametrically opposite another of the emitters 
whose light beam it is positioned to intercept. Yet another 
arrangement is shown in Figure 5, which represents a first array 

20 of emitters El to E8 and detectors Dl to 08 disposed as in Figure 
1, together with a second array of emitters El' to E8* and 
detectors 01' to 08', similar to the first array and in the same 
cross-sectional plane but arranged with a angular displacement of 
90** thereto. In a further elaborated arrangement indicated in 

25 Figure 6, a third array is added, disposed at 45"" to both the 
first and second arrays, and it will be understood that a fourth 
array, at the remaining 45** orientation, may also be provided. 
The increased amount of information available from an Increased 
number of differently oriented co-planar arrays may be desirable 

30 if it Is required to reconstruct a detailed image of the 
distribution and sizes of inclusions 15' of a second component 
within the main body of the fluid in the plane being monitored. 

In use of the method according to the invention, all the 
signal emitters are energised sequentially by application of 

35 suitable voltage pulses to each in turn. In the case of an LED, 
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application of short voltage pulses of, say lOys duration, means 
that a. higher current can be applied than if it were driven 
continuously and thus that It may be made to radiate with greater 
Intensity while switched on. As shown in Figure 7, when an 

05 emitter LED Is switched on by application of a voltage pulse of 
duration T the photodiode on which the resulting beam is focussed 
produces an output voltage signal which rises during the Interval. 
T to a peak from which it then falls, the value of the peak 
voltage being a function of the intensity incident on the 

10 photodiode and thus an Inverse function of the attenuation which 
the radiation beam has undergone during transmission through the 
fluid 15. 

Referring now to Figure 8, the optical signal emitters E and 
detectors D (one of each is shown) arrayed about the pipe 14 are 

15 under the control of an emitter multiplexer 20 and a detector 
multiplexer 21, these in turn being controlled by timing 
circuitry 22 driven by a clock 23. The emitter multiplexer 20 
applies pulses of a voltage V through pulse conditioning 
circuitry 24 to each of the emitters E in sequence, and in 

20 response to each pulse applied to one of the emitters E the 
corresponding detector D produces an output voltage pulse of the 
form shown in Figure 7 which is amplified by a preamplifier 25 
and fed into a corresponding channel of the detector multiplexer 
21 and thence to a peak-detector circuit 26 which is also 

25 controlled by the timing circuitry 22. The peak-detector circuit 
26 operates to capture the maximum value of each pulse from the 
detector multiplexer 21 and apply it to an analogue-to-d1gital 
converter 27 (also under the control of the timing circuitry 22) 
for a period long enough for the converter 27 to convert its 

30 analogue value into a digital number. This digital number, in 
the form of an 8-b1t parallel digital word is then converted by a 
con Interface chip 28, run in a handshaking control loop by an 
independent second clock 29 of 5.0 MHz frequency, into an 8-bit 
serial signal which is fed to the input data store of a 

35 transputer network 30 which is further referred to below. Output 
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signals from the peak-detector circuit 26 are fed additionally, 
or alternatively, via a low-pass filter 31 to a memory scope 32 
and a signal analyser 33, also further referred to below. 

The operation of the circuitry shown in Figure 8 and 

05 described above is further illustrated in Figure 9, in which the 
top curve represents a series of voltage pulses (each 
corresponding to that shown in the upper part of Figure 7) which 
are distributed by the emitter multiplexer 20 to successive 
emitters E. The second curve shows how, during each such pulse, 

10 the detector corresponding to the emitter to which that pulse is 
applied produces an output pulse corresponding to the lower part 
of Figure 7. These output pulses, from successive detectors, are 
multiplexed by the detector multiplexer 21 of which the output, 
as shown in the third curve, is applied to the peak-detector 

15 circuitry 26. The output signal from this latter, shown in the 
fourth curve, follows each pulse of the third curve up to its 
peak value, which It then holds for a period, and during each 
such hold period the analogue-to-digital converter 27 Is 
activated by a pulse, as shown in the bottom curve, applied to it 

20 from the timing circuitry 22 to cause It to operate on the "held" 
value of the output signal applied to it from the peak detector 
circuitry 26. For simplicity, the detector output pulses are 
shown in the second curve of Figure 9 as being all of equal 
height, so that successive peaks of the signal from the detector 

25 multiplexer, shown in the third curve, are also of equal height, 
as also are the successive output signals from the peak detector 
circuitry, as shown in the fourth curve. It will be understood 
that this corresponds to total uniformity of the fluid cross- 
section being monitored, and that in practice the output signal 

30 pulses from successive detectors would be of different heights, 
resulting in different heights for successive peaks of the output 
signal from the detector multiplexer and from the peak-detector 
circuitry. 

In a variation of this method of operation, the outputs of 
35 all the detectors In an array may be sequentially multiplexed 
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during the activation period of each emitter of the array. In 
this way information is acquired not only in respect of the 
attenuated signal detected by the detector corresponding directly 
to an activated emitter but also in respect of scattered light 

05 detected by the other detectors. 

The transputer network 30 operates on the optical measurement 
data supplied to it to perform a reconstruction of the fluid 
cross-section to which the data relates, using an appropriate 
reconstruction algorithm dependent on the arrangement of emitters 

10 E and detectors D employed. If a full and detailed 
cross-sectional reconstruction is required, It is necessary to 
employ a plurality of multiply-intersecting arrays such as are 
represented In Figures 5 and 6; the transputer may then be such 
as to perform, in known manner, a direct Fourier reconstruction 

15 using fast Fourier transformation of the data derived from the 
multiple arrays, or alternatively fast Hartley transforms or the 
simpler back-projection algorithm may be used. Alternatively, 
less detailed but still useful reconstructions may be obtained by 
the use of appropriate algorithms on data derived from simpler 

20 data-acquisition arrays such as are represented In Figures 2, 3 
and 4. 

Alternatively, or additionally, useful Information regarding 
the fluid-flow regime of the fluid being monitored can be 
obtained by means of the signal analyser 33 operating on data 

25 acquired by means of a relatively simple array of emitters and 
detectors, or even by repeated pulsing of only a single 
emitter-detector pair. Three types of fluid-flow regime which 
may be readily distinguished may be termed respectively bubble 
flow, churn flow and plug flow: "bubble flow" meaning a 

30 relatively smooth flow of a main body of a first component of the 
fluid which, however, contains a random distribution of "bubbles" 
or other Inclusions of a second component, "churn flow" 
indicating flow which includes a turbulent or swirling motion, 
and "plug flow" meaning flow In which there occur, in a main 

35 component of the fluid, bubbles or other inclusions of a second 
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component which are so large that they occupy the whole or a 
substantial proportion of the cross-section of the pipe and 
extend over a significant distance longitudinally of the pipe. 
Even a single emitter-detector pair, as shown in Figure 1. if 

05 pulsed repeatedly will provide a train of pulses of which the 
amplitude varies with time in a way characteristic of the type of 
flow regime, and frequency analysis of such a train of pulses by 
means of the signal analyser 33, by the use of built-in Fast 
Fourier Transform programs, enables the frequency spectrum to be 

10 established and thereby the type of flow regime to be Identified, 
since different flow regimes produce distinctively different 
frequency spectra. The useful flow-regime Information for this 
purpose will usually be contained within a frequency range having 
an upper limit of approximately 500 Hz, and it is therefore 

15 convenient to limit the signal supplied to the signal analyser 33 
by passing it through the low pass filter 31, shown in Figure 9, 
having a bandwidth from d.c. to 1 KHz. 

In all the foregoing description, the arrays of signal 
emitters and detectors are located at a single cross-sectional 

20 plane of the pipe 14. In order to monitor the flow velocity of 
fluid along the pipe, and thus to establish the volume flow rate 
of the fluid as a whole (and of Its components when the 
proportions of these have been established by the monitoring 
described above), a further array of signal emitters and 

25 detectors may be provided at a second cross-sectional plane of 
the pipe, spaced downstream of the pipe from the first. Such an 
arrangement is shown in Figure 10, in which the pipe 14 is 
provided at a first cross-sectional plane with a first array of 
signal emitters and detectors, schematically represented in the 

30 Figure by an emitter E and a detector D, which may be as 
described above with reference to any of Figures 2 to 6, and 
also, at a second cross-sectional plane spaced downstream from 
the first in the flow direction 34 of the fluid 15 with 
Inclusions 15', with a further array, preferably identical with 

35 the first, as schematically represented in the Figure by an 
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emitter E' and a detector D'. Data relating to a .reconstructed 
cross-sectional Image derived from data acquired by the l\ D' 
array at the second plane may then be compared with stored data 
relating to each of a series of stored Images derived from data 

05 acquired by the E, D array at the first plane at known earlier 
times In order to establish identity or near-identity with one of 
those earlier images, the known time lapse between the two near- 
identical images then giving a measure of the transit time of 
fluid from the one plane to the other and thus of the fluid flow 

10 rate. 

Although only LEDs have been specifically referred to above 
as suitable sources for the collimated beams transmitted through 
the fluid being monitored, it will be appreciated that other 
suitable types of source are available for the purpose. In 

15 particular, the falling cost of laser diodes, and their greater 
optical output, may well lead to their use in place of LEDs, 
especially in connection with larger diameter pipes or where the 
fluid being monitored or a substantial component thereof is of 
low optical transmissivity. 

20 In a further development of the invention it is possible to 

use two sets of emitter-detectors operating at different 
wavelengths for monitoring 3-component flows such as oil, water 
and air. One wavelength may be chosen to be attenuated by oil 
but transmitted through water, thus enabling a cross-section 

25 which determines the distribution of oil. The second wavelength 
may then be chosen to be attenuated a similar amount in oil but 
to be also attenuated by the water. Thus a second cross section 
determining the distribution of oil and water would be obtained. 
Comparison of the two cross sections would enable distribution of 

30 water to be obtained. 
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CLAIMS 

1- A method of monitoring flow of a fluid having at least two 
components, comprising transmitting a train of signal pulses in 
at least one beam transversely through the fluid flow to be 

05 monitored, detecting the pulses after attenuation thereof by 
transmission through the fluid and deriving a train of output 
pulses corresponding to the detected attenuated pulses, and 
deriving from the output signals data relating to the 
configuration of the flowing fluid where subjected to the signal 

10 pulses. 

2. A method as claimed in Claim 1 , and including the step of 
performing a frequency analysis on the train of output pulses to 
establish the frequency spectrum. thereof and thereby identify the 
type of flow regime of the fluid. 

15 3. A method as claimed in Claim 1 in which the signal pulses are 
transmitted in a plurality of at least approximately collimated 
signal beams across a transverse cross-section of the flowing 
fluid, the method including the further steps of detecting the 
signal beams after attenuation thereof during passage through the 

20 fluid and deriving output signals related to the attenuated 
signals received* storing the output signals and deriving 
therefrom tomographic data relating to the instantaneous spatial 
configuration of the flowing fluid at the said cross-section 
thereof. 

25 4. A method of monitoring the velocity of a flowing fluid, 
comprising the steps of carrying out the method of Claim 3 
repeatedly at each of two transverse cross-sections of the fluid 
at two locations spaced from one another In the direction of 
flow, including deriving and storing output signals and 

30 tomographic data derived therefrom relating to sequences of timed 
reconstructed cross-sectional Images for the two locations, 
recognising identity or near-identity between data relating to an 
image for one of the locations and data relating to an image for 
the other of the locations, and establishing the time lapse 

35 between the timing of the two corresponding images as a measure 
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of the transit time of the fluid between the two locations and 
hence of the flow velocity. 

5. A method as claimed in any of Claims 1 to 4, wherein the said 
signal pulses are pulses of visible or near-visible light. 

05 6. Fluid flow monitoring apparatus comprising means- for 
transmitting a train of signal pulses in at least one beam 
transversely through the flow of fluid to be monitored, means 
arranged to detect the pulses after attenuation thereof by 
transmission through the fluid and to provide a train of output 

10 pulses related to the attenuated pulses received, and means for 
deriving from the output signals data relating to the 
configuration of the flowing fluid. 

7. Monitoring apparatus as claimed in Claim 6 and comprising 
frequency analyser means arranged to analyse the train of output 

15 pulses and establish the frequency spectrum thereof, thereby to 
identify the type of flow regime of the fluid. 

8. Monitoring apparatus as claimed in Claim 6 and comprising a 
plurality of means for transmitting at least approximately 
collimated signals across a transverse cross-section of a pipe or 

20 duct containing a flowing fluid and a plurality of signal 
detector or sensor means arranged to detect said signals after 
attenuation thereof during passage through the fluid and to 
provide an output signal related to the attenuated signal 
received, multiplexing means arranged to scan the detector means 

25 sequentially and supply the said output signals therefrom to data 
storage means, and transputer means connected to receive and 
arranged to process the data stored in the data storage means and 
derive therefrom tomographic data relating to the instantaneous 
spatial configuration of the flowing fluid at the said 

30 cross-section of the pipe or duct. 

9. Apparatus for monitoring the velocity of a fluid flowing 
through a pipe or duct, comprising, at each of two locations 
spaced from one another lengthwise of the pipe or duct, a 
respective plurality of means for transmitting at least 

35 approximately ' collimated signals across a transverse 
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cross-section of the pipe or duct and a respective plurality of 
signal detector or sensor means arranged to detect said signals 
after attenuation thereof during passage through the fluid and to 
provide output signals related to the attenuated signals 

05 received, multiplexing means arranged to repeatedly scan the 
detector means sequentially and supply the said output signals 
therefrom to data storage means, transputer means connected to 
receive and arranged to process the data stored in the data 
storage means and derive therefrom tomographic data relating to 

10 sequences of timed reconstructed cross-sectional images for the 
two locations, and means for comparing, and recognising identity 
or near-identity between, data relating to an image for one of 
the locations and data relating to an image for the other of the 
locations and for establishing the time lapse between the timings 

15 of the two corresponding Images as a measure of the transit time 
of the fluid between the two locations and hence of the flow 
velocity. 

10. Apparatus as claimed in any of Claims 6 to 9. wherein the 
signal-pulse transmitting means comprise one or more light- 
ZD emitting diodes or laser diodes. 

n. Apparatus as claimed in any of Claims 6 to 10. wherein the 
signal-pulse transmitting means are adapted to emit visible or 
near-visible light. 
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